Abstract-The joining of high strength aluminium alloy AA7075-T6 sheets of 3 mm thickness was an attempt utilizing friction stir welding process. The effect of interference depth between tool shoulder and surface workpiece on the welding quality and its effect on the mechanical and metallography properties of welded joints were studied. This process is carried out using a composite tool consists of a concave shoulder made of H13 tool steel and cylindrical left-hand thread with 1mm pitch pin (probe) made of cobalt-based alloy MP159. The dimensions of tools were 14mm shoulder diameter and the pin has 5mm diameter and 2.7mm length. The tool rotation speed and welding speed were 981 rpm 169 mm/min respectively, and the tilt angle was 2°. The range of interference depth between the shoulder and workpiece was selected (0.05, 0.1, 0.15, 0.2, 0.25, and 0.3) mm. various tests were executed to evaluate the welding quality. The results show that lack of filling defect appeared on the welding surface at the interference depth 0.05 mm. An invisible tunnel and lack of penetration in the bottom of the stir zone appeared when the interference depths were 0.1 mm and 0.15 mm. Defect-free welds obtained when interference depths were (0.2, 0.25, and 0.3) mm. The welding efficiency of the defect-free welds was in the range (85.3-92.3%) depending on the ultimate tensile strength of the parent alloy.
Introduction
Friction stir welding (FSW) was invented at the welding institute (TWI) of the United Kingdom in 1991 as a solidstate joining technique [10] , that fabricate a weld between two (or more) workpieces (WPs) due to heating and plastic material displacement produced by a rapidly rotating tool that traverses the weld joint. Even though the friction stir welding technique was initially applied to aluminium alloys, and it is developed to join other metals, including magnesium, copper, zinc, bronze, titanium, lead, and steels, as well as polymers and composites [5] [8] .
The FSW can weld either butt or lap joints in a broad range of materials thickness and lengths [14] . It is used to weld dissimilar materials combinations, specifically those with close melting temperatures and comparable behavior such as hot workability [1] . Many alloys cannot be welded by fusion welding but can be welded through friction stir welding process [16] . Novel trials have demonstrated that FSW can be utilized to join aluminium and its alloys up to 75mm plate thickness in a single pass, opening up the innovation to new applications [6] . Development of friction stir welding throughout the years to weld a very large range of structures/parts and a wide range of weld geometry, has been sophisticated rapidly, and having a good grip on some prestigious research centers in the world [9] .
In principle, FSW is a very simple process. Two pieces of sheet or plate material are butted together (lap and other configurations are also used) and clamped to a rigid backing plate onto the work table of FSW machine to prevent the abutting or other configuration joint faces from being forced apart or in any other way moved out of position. The FSW process includes four major stages: plunge stage, dwell stage, welding stage and cooling stage (pull out the tool) [15] [3] .
A non-weldable heat-treated AA7075-T6 aluminium alloy has high strength compared to some types of steel, average machinability, good fatigue strength, and lower corrosion resistance compared with other aluminium alloys but better corrosion resistance than the 2000 series. AA7075-T6 has high-strength and low-density, so it is widely used in an aerospace and transportation manufacturing to form top surface of aircraft, most of original frames and structures attached to the landing gear to the fuselage, automobile framework structures, seatbelt hinges, links, bobbins, retractors, and mold tool manufacturing [11] [7] [13] .
A range of parameters are affected on the welding process including tool rotation speed (TRS), welding speed (WS), shoulder plunge depth; these parameters have a significant effect on heat generation [4] . To obtain the good welding quality the TRS and WS were mostly optimized to control on the heat input as much as possible and prevent formation the defects during FSW process. Imputed that the value of shoulder-WP interference depth is largely determined the quality of welding surface. If the shoulder-WP interference is too high or too low, weld surface defects such as groove, flash and internal defects such as tunnel or void are more prone to be formed in the weld line. Actually, the worth of shoulder-WP interference reflects the scope of interaction between tool shoulder and WP thereby on the heat generation that effects on welding quality [17] .
Derazkola et al. [2] investigated the influence of shoulder plunge depth (SPD) on the mechanical properties of FSW of A441 AISI steel with AA1100 aluminium alloy. For a selected range of shoulder plunge depth 0.1, 0.2, 0.4, and 0.6 mm and other welding process parameters are constant. The results show that when the SPD increases, the heat generation increased and the grain size in SZ is decreased. Depending on the tensile test it is shown that the highest tensile strength value is at SPD 0.22 mm. Ramulu et al. [12] studied the effect of shoulder diameter and plunge depth on the formability of friction-stir-welded sheets for AA6061-T6. The results showed that the increase in shoulder diameter and plunge depth, the forming limit improved frequently.
Zevanathan and Babu [18] proved that when weld AA 6063 aluminium alloy by FSW process, the increase in SPD lead to decrease in the mechanical properties, and excessive flash is formed on the outer surface of the weld.
The aim of this work is to study the effect of shoulderworkpiece interference (SWI) depth on the mechanical properties and observe the defects free joint during a microstructure of the weldments.
Experimental Work
In this work, the AA7075-T6 aluminium alloy rolled sheets of 3 mm thickness were used as a base material for the butt joint welding process. A chemical composition of the welded sheets was listed in the Table 1 and the mechanical properties are mentioned in the Table 2 . The specimens to be welded were cut and machined to the final dimensions (200×100×3) mm, considering the rolling direction is perpendicular to the welding direction.
The composite tool consists of two separate parts shoulder and pin (probe). A concave surface shoulder 6º, made of ASTM H13 chromium-molybdenum hot worked air hardening steel with 15mm diameter, the pin material is Cobalt-based superalloy MP159, left-hand threaded, cylindrical flat end, 1mm threaded pitch, 5mm diameter, and 2.7mm length. The FSW was executed on a CNC vertical milling machine type MITSUBISHI M70V. For the reason of a fixed spindle head, a special designed and manufactured adjustable-angle fixture was designed and manufactured included a backing plate. It can be tilted by a range of inclinations included but not limited to 2º. The WP is fixed rigidly in the space between the back plate and the upper part of the fixture by means of upper and side sets of screws as shown in Figure 1 . 
Non-Destructive Tests

Visual test
Visual examination of the face and root of the weld was carried out. Specimens containing visible defects are excluded from the other tests. 
Radiographic Test
X-ray is employed in the radiographic test to penetrate an object and detect any discontinuities by the resulting image on a viewing or recording. A fluorescent screen is a viewing medium, the source energy depends on its thickness, and density of used metal, the energy supplied in this test of 3 mm thick welded sheets was 150 kV and 2.2 mA according to ASTM 1A/SWSI. X-ray radiography test is used to reveal many internal defects such as tunnels, voids, cracks, and others.
Macrostructure and Microstructure Evaluation
A macrostructure and microstructure tests were performed on the specimens that prepared from the cross-section perpendicular to the welding direction to the required sizes and mounted on Bakelite for easy preparing. Grinding process was carried out by using emery papers of silicon carbide (SiC) of various grits namely (400, 500, 600, 800, 1000, 1200, and 1500). Then a polishing was carried out using the diamond mash of particle size of 0.5 µm. Followed by etching stage included immersion of specimen into etching solution by using Keller's reagent (2ml HF, 3ml HCl, 5ml HNO3, and 190ml water).
Destructive Tests
Tensile test
Flat tensile test specimens were cut perpendicular to the weld line using CNC wire EDM machine. The specimens are prepared for final dimensions according to ASTM (E8/E8M -09) as shown in the Figure 2 . All tensile tests were executed at room temperature and constant loading rate of 1 mm/min. The tests executed on the universal testing machine type (LARYEE) of maximum capacity 50kN. 
Bending Test
The three-point bending test for surface and root of welds using the universal testing machine were carried out. The specimen dimensions were (150x100x3) mm.
The bending tests were done as per ASTM E-290-97a for the welded specimens to check ductility of welding zones and to detect the existence of subsurface defects because of these tests are very sensitive to defects near the weld surface, such as root defect.
Micro-hardness test
The digital micro-hardness tester was used to measure Vickers hardness (HV) with 1.96N load at 15 seconds. The test was performed on a centerline of a cross-section perpendicular to the welding direction, this test included the regions nugget zone (NZ), thermal mechanical affected zone (TMAZ), heat affected zone (HAZ), and base metal (BM). Micro-hardness profile is registered at intervals of 1mm between the neighboring measurements. 
Results and Discussions
This work included the change in the SWI depth as shown in Fig. 3 and listed in the Table. 4.
Visual test results
After accomplished the welding process, visual inspection was attempted for all six cases after the welding process is accomplished. The results showed that in the specimen no. 13 when SWI depth was (0.05) mm, it is found that there is lack of filling defect in the weld surface as shown in Figure 4 , because of the contact area between tool shoulder and WP was very low which led to decrease in friction heat and plunge force. The other specimens were accepted in the visual inspection as shown in Figure 5 . 
X-Ray Radiographic test results
In this test, the accepted welds of the visual test were tested by X-Ray; the test was executed to specimens nos.14, 15, 16, 17, and 18. The results show that in the specimen no. 14 at SWI depth of 0.1 mm an internal tunnel defect is presented as shown in Figure 6A because of insufficient heat generation and low plunge force. Other specimens nos. 15, 16, 17, and 18 were accepted in this test, Figure 6 B show that accepted specimen is no. 15.
Macrostructure and Microstructure Test Results
Accepted specimens (nos. 15, 16, 17 , and 18) were tested in X-Ray test using an optical microscope to check carefully the defects that did not appear in the previous tests. In specimen no.16 when SWI depth is 0.15 mm, lack of penetration at the weld root as shown in Figure 7 because of insufficient plunge pin tool in the weld zone. This led to inadequate material deformation to consume the bond line. It is noted the absence of defects in the welding zone the specimens nos. 16, 17, and 18 as shown in Figure 8 because of SWI depths were sufficient and the plunging forces were sufficient for the required heat generation, forging force, and the metal flow between the faying surfaces. An oval-shaped area at the center of the weld is appeared as shown in Figure 8a where the pin of the FSW tool passed through, and mixed the material together. Moreover fully re-crystallized at the weld center is reforted. Equiaxed grain in smaller size shown in the microstructure of (NZ) comparing with the base material, Figure 8b and in the TMAZ the grain has been no dynamic recrystallization, and instead, the grains are elongated and typically of a different orientation than those in the base metal as shown in Figure 8c 
Tensile Test Results
The results of the transverse tensile test are summarized in Table 5 . In general, both yield strength and ultimate tensile strength were reduced in the welded area compared with that for parent material, due to a combination of dissolution, coarsening and precipitate of strengthening precipitates during FSW or localized deformation, considering that the welded aluminium alloys AA7075-T6 is age hardened alloys. This means a drop in the mechanical property is expected due to the heat generated during the FSW process. The tensile test performed on the defect-free weld in specimens nos. (16, 17, and 18) indicates highest tensile stress at SWI depth 0.25 mm because of sufficient plunge force and heat generation with good stirring and refine the grain in the welding zone while, decrease when SWI depth increase to 0.30 mm, because of thinning in nugget zone. The highest welding efficiency was 92.337% in specimen no. 17 when SWI depth 0.25mm based on ultimate tensile stress. The specimens were fractured from the retreating side of the HAZ zone as shown in Figure 10 during tensile tests. No plastic deformation in HAZ but has only been subjected to the thermal cycle. Due to overaged and coarsen strengthening precipitates and localized deformation leading to degradation of mechanical properties (reduced strength and ductility) in the HAZ. The behavior of welded metal during the tensile test as shown in Figure 11 , and the effect of SWI depth on the welding efficiency as shown in Figure 12 . The efficiency of welding was calculate by using the equ. (1).
Welding Efficiency = ((UTS) for weld joint)/((UTS) for parent metal)×100% (1) Figure 10 : Tensile specimens nos. (16, 17 , and 18) after fracture 
Bending Test Results
Defect-free welds were subjected to the three-point bending test using the universal testing machine (LARYEE). The bending tests are done as per ASTM E-290-97a for the welded specimens to check ductility of welding zones and to detect the existence of subsurface defects because of these tests are very sensitive to defects near the weld surface, such as root defect. The result shows that no defects were detected in all joints in booth surface and root bending test. The best mechanical properties are reforted for specimen no. 17 at WSI depth 0.25 mm for face bending while they are decreased when increasing SWI depth to 0.3 mm. The results are collected in Table 6 and the behavior of metal during face bending, root bending and welding efficiency for bending test are shown in Figure 13 , Figure 14 , and Figure 15 respectively. Also it is noted that the slight difference between the result of the face and root bending. Also, the bending angle of BM was 111° and the specimens nos. 16, 17, and 18 were 107°, 107°, and 106° respectively, that means the ductility of BM is more than the weld because of spring back occurs in BM. Figure 16 shows the specimens after bending test. 
Micro-Hardness Test Results
The FSW is a process accompanied by generating elevated temperature which leads to grain refinement and other thermal changes in the weld zone, therefore, the hardness results were changed through the weld zone as shown in Figure 17 . In general, due to heat generated during the FSW, the hardness of all welded specimens in the NZ is less than those of base material. The NZ hardness is higher than the TMAZ and HAZ because of fine grain size in the NZ as per the Hall-Petch equation, when the grain size decreases, the hardness increases and some of the second phase is precipitated while in the TMAZ and HAZ local dissolution of strengthening particles into the aluminum matrix and a reduction in the dislocation density caused decreasing the hardness in this regions. The difference between hardness for the corresponding points at each side (advance and retreat sides) can be interpreted as the same direction of rotation velocity vector and the forward motion in the advance side AS gave a higher heating than on retreat side RS. The value of hardness for BM is 170 HV, in this work it is noted that when increasing the SWI depth the hardness was increased whereas the highest hardness in center of NZ reached to 164.8 HV when SWI depth is 0.25 mm in the specimen no. 17 and the lowest value is 155.3 HV at SWI depth 0.15 mm. That is means when an increase in SWI depth, the heat input increases and dynamic plastic deformation increases. Specimen no.15 has a lack of penetration defect but do not affect the value of hardness which were close to other samples and also have the same behavior of all samples in general i.e W shape. 
Conclusions
According to the previous discussion of the obtained result the following conclusion can be extracted:
1. Visible and invisible defect are observed when SWI depth in range of (0.05-0.15) mm.
2. The defect-free joints were achieved when SWI depth was in the range (0.2-0.3) mm.
3. Fully re-crystallized in the weld center and equiaxed grain in smaller size, and in the TMAZ there is no dynamic recrystallization, and instead, the grains were elongated and typically of a different orientation than those in the base metal, while there is no significant change in grain size or orientation in the HAZ when compared to BM .
4. The maximum value of tensile strength was 484.8 MPa when the SWI depth was 0.25 mm.
5. Micro-hardness in the welding zones is less than in the BM, while the micro-hardness in SZ is higher than in TMAZ and HAZ. Increasing the SWI depth leads to increase the hardness in NZ and the maximum value of HV was 164.8 in specimen no. 17.
6. The maximum value of bending stress and bending angle was 835 MPa and 107° respectively when the SWI depth was 0.25 mm, a slight difference between the face and root bending is resulted.
7. SWI depth was important parameters in friction stir welding process through its impact on the mechanical properties for weld joint, so the best value of SWI depth was 0.25 mm. 
